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Chapter 1
Introduction
1.1 Mode Locked Fiber Lasers
Laser is one of the greatest human inventions. It can generate the purest light with
high coherence that does not originally exist in nature. Lasers can be classified into
two categories by their operation mode: continuous wave (CW) laser and pulsed laser.
Output of a CW laser is constant over time while output of a pulsed laser exhibits as a
pulse train in time domain. There are a few common techniques to realize pulsed laser,
such as Q-switching [1] and mode-locking [2]. Q-switch laser usually generates pulses
with microsecond to nanosecond pulse width. Mode-locked laser is capable of generating
pulses with picosecond to femtosecond pulse width, which are often referred as ultrashort
pulses nowadays. Ultrashort pulsed laser has extremely high peak intensity and ultrashort
temporal resolution compared to CW lasers. This thesis mainly focuses on mode locked
fiber lasers.
Mode locked fiber laser is of great interest because of its outstanding advantages and
versatility such as:
(1) Fiber laser is compact compared to other lasers such as solid-state laser, since fiber is
flexible enough to be coiled;
(2) Fiber laser is easy to fabricate compared to free space laser which requires highly
precise alignment, whereas fiber laser can be fabricated by only fiber splicing;
(3) Fiber laser can be easily delivered to any moving elements since the laser is originally
generated in optical fiber. This advantage makes it widely applied to laser machining;
(4) Fiber laser costs lower than other laser sources of comparable performance such as
solid-state laser.
For mode locked fiber lasers, there are mainly three types by their gain medium:
erbium (Er), ytterbium (Yb) and thulium (Tm) doped fiber laser, with central wavelength
of 1.5 µm, 1 µm and 2 µm respectively. They are widely applied in different field based
on their operation wavelength. Er-doped fiber laser are widely used in telecommunication
because of fiber exhibits minimum loss at 1.5 µm. Yb-doped fiber laser are suitable for
high power operation because of high quantum efficiency of ytterbium ion [3]. Tm-doped
fiber laser is ”eye-safe” laser because of moderate water absorption at 2 µm [4], offering
great potential in fields like laser imaging detection and ranging (LIDAR) and gas sensing
systems.
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1.2 Application of Mode Locked Fiber Lasers
Mode locked fiber laser has a variety of applications because of its high temporal/spatial
resolution and high peak intensity, such as:
Ultrashort laser spectroscopy
Ultrashort laser spectroscopy is a technique for studying dynamics in an extremely short
time scale, taking the advantage of high temporal resolution of ultrashort laser [5, 6].
Ultrashort pulses play the role as a high frame camera in the process. It is widely applied
in the study of atom and molecule dynamics.
Biomedical imaging
Thanks to its high peak intensity, mode locked fiber laser can also be applied for biomedical
imaging such as stimulated Raman scattering microscopy [7] and multiphoton microscopy
[8,9]. In multiphoton microscopy, the fluorophore excites when multiple incident photons
hit the fluorophore simultaneously, resulting the emission of light for microscopy. High
peak intensity can greatly increase the probability of multiple photons hit the fluorophore
simultaneously.
Ultrashort laser micromachining
High quality micromachining requires ultrashort laser instead of CW laser [10,11]. In an
ultrashort laser machining, energy is deposited onto the material so fast that the material
will turn into a plasma state rather than melting down. Residual heat dissipates away
immediately with the plasma, leaving a clean micromachining spot.
1.3 Purpose and Organization of this thesis
To date, there are various widely applied techniques for mode locking a fiber laser. Main-
stream saturable absorbers for mode locking include semiconductor saturable absorber
mirror (SESAM) [12], nonlinear polarization rotation (NPR) [13], nonlinear loop mirror
(NOLM) [14] and carbon nanotube (CNT) [15], etc. In this thesis, we focus on a novel
mode locking technique called active mode locking via pump modulation (AMPM). As
Tm [16] and Er-doped mode locked fiber laser by AMPM [17] have been achieved previ-
ously in our lab, this thesis mainly focuses on the study of Yb-doped mode locked fiber
laser with the technique of AMPM.
Chapter 2 introduces the fundamentals of mode locked fiber lasers, including the
principle of mode locking, mode locking techniques, pulse propagation in optical fiber,
pulse shaping at different dispersion regime and simulation method. Chapter 3 shows
the theoretical model and experimental measurements for pump to signal transfer in gain
fiber. This is the ground stone of the AMPM technique. In chapter 4, we firstly introduce
the concept and principle of AMPM and previous work on Tm and Er-doped mode locked
fiber laser by AMPM. Then, we move on to the experiments of Yb-doped mode locked
fiber laser by AMPM. We present our experimental setups, results and analysis. Chapter
5 includes the conclusion of the whole thesis and future work regarding the method of
pump modulation.
2
Chapter 2
Fundamentals of Mode Locked Fiber
Lasers
2.1 Principle of Mode Locking
Mode locking is a technique for generating ultrashort laser pulses [18]. The term ”mode
locking” means the phase relation of longitudinal modes of the laser cavity is fixed. In
this case, the superposition of the longitudinal modes becomes a short pulse trains. For
a detailed explanation, here we firstly introduce laser cavity mode and phase lock.
Figure 2.1: Schematic of a linear laser cavity
Figure 2.1 shows the schematic of a linear laser cavity. Gain medium keeps getting
excited by pump source, providing gain for light amplification. Two reflectors form a
resonator, with cavity length of L. Light is confined in the resonator and keeps getting
amplified by the gain medium. Part of the light is coupled out of the cavity as laser
output. Lasing can only happen if wavelength (frequency) of light satisfies standing
wave condition of the resonator. These are called longitudinal modes of the laser cavity.
Frequency spacing of adjacent longitudinal modes is expressed by
∆ω = pic/Lc (2.1)
where c is the speed of light in vacuum and Lc is the optical length of the cavity. Longi-
tudinal modes that fall into the gain spectrum have the chance to oscillate. For a typical
fiber laser with 10 m cavity length, there are around 105 longitudinal modes within gain
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spectrum. For simplicity, assume that there are N = 2M + 1 longitudinal modes with the
same amplitude and initial phase being phase locked, superposition of the electric field is
expressed by
E(t) =
M∑
m=−M
E0 cos (ω0t+ φ0 +m∆ωt) = E0
sin (2M + 1)∆ωt/2
sin ∆ωt/2
cos (ω0t+ φ0) (2.2)
where E0, ω0, φ0 and ∆ω are the amplitude of the longitudinal modes, frequency of the
0th longitudinal mode, initial phase of the longitudinal modes and frequency spacing
of adjacent longitudinal modes. Thus, optical intensity of the electrical field envelop is
expressed by
I(t) =
sin2 (2M + 1)∆ωt/2
sin2 ∆ωt/2
E20 (2.3)
Here, I(t) exhibits as a short pulse with peak intensity of N2E20 at t = 0.
2.2 Mode Locking Techniques
Mode locking methods can be classified into active mode locking and passive mode locking
[19]. In active mode locking, an external modulation is usually applied to laser cavity
[2, 20]. In passive mode locking, a saturable absorber (SA) is applied for generating
optical pulse [12,13,15].
2.2.1 Active Mode Locking
Figure 2.2 shows the schematic of active mode locking by amplitude modulation. In
conventional active mode locking by amplitude modulation, a loss modulator is inserted
in the laser cavity. Loss modulation frequency of the cavity equals the round trip time of
laser cavity, which is also the reciprocal of the longitudinal mode spacing. Thus, pulses
can pass the loss modulator when it suffers the minimum loss, as shown in Figure 2.3.
Figure 2.2: Schematic of active mode locking by amplitude modulation
Active mode locking can also be described in frequency domain, as shown in Figure 2.4.
The figure shows seven longitudinal modes. When amplitude modulation is applied at
the same frequency as longitudinal mode spacing, two side longitudinal modes with the
same phase are generated in each side of the central longitudinal mode every round trip.
After numbers of round trips, phase relation of all these longitudinal modes is fixed.
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Figure 2.3: Active mode locking by amplitude modulation in time domain
Figure 2.4: Active mode locking by amplitude modulation in frequency domain
In this thesis, we mainly focus on another novel active mode locking method: active
mode locking via pump modulation (AMPM). Instead of modulating cavity loss, cavity
gain is modulated by modulating pump power. Detailed concept and principle of AMPM
will be shown in Chapter 4.
2.2.2 Passive Mode Locking
In passive mode locking method, a saturable absorber (SA) is applied in the laser cavity.
The purpose of SA is similar to a modulator in active mode locking. SA typically shows
lower transmission to low intensity light and higher transmission to higher intensity light.
This property of SA can help narrow down pulse width effectively, as shown in Figure 2.5.
After laser is started, pulses can be formed from laser noise by the self-modulation effect
of SA. Figure 2.6 shows the schematic of passive mode locking. Next, we will introduce
four types of commonly used SAs in fiber lasers.
Semiconductor saturable absorber mirror
Semiconductor saturable absorber mirror (SESAM) was invented by U. Keller and her
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Figure 2.5: Saturable absorber
Figure 2.6: Schematic of passive mode locking
coworkers in 1992 [12]. A SESAM typically consists of a semiconductor Bragg mirror
acting as a reflecting mirror and a quantum well absorber acting as a saturable absorber.
Physical mechanism of its saturable absorption is as follows: when light is absorbed by
SESAM, photon energy is transfer to electrons, which are brought from valence band
to conduction band. At low incident intensity, photon absorption remains unsaturated,
resulting a higher loss. At high intensity, photon absorption gets saturated. In this case,
absorption does not increase as incident intensity increases, resulting a higher transmission
at higher intensity.
Although SESAM was invented and mostly used for mode locking a solid-state laser,
it can also be applied for fiber laser. SESAM are fabricated by semiconductor material
deposition technique, making it convenient for controlling and tailoring, such as parame-
ters like modulation depth and saturation fluence. These advantages make it one of the
most widely applied SAs in commercial mode locked lasers.
Nonlinear polarization rotation
Nonlinear polarization rotation (NPR) refers to the intensity dependent change of polar-
ization state due to self-phase modulation (SPM) and cross-phase modulation (XPM).
Artificial saturable absorption can be led by incorporating NPR and polarization depen-
dent loss (PDL) component. In mode locked fiber laser using NPR, a polarizer and two
polarization controllers (PCs) are usually applied. PCs are used to control the polariza-
tion state of light in laser cavity, forcing the light with high intensity to pass the polarizer
with higher transmission and low intensity light with low transmission. Figure 2.7 shows
a typical setup for NPR mode locked fiber laser.
6
2.2. MODE LOCKING TECHNIQUES
Figure 2.7: Typical schematic of NPR mode locked fiber laser
Nonlinear amplifying loop mirror
Nonlinear amplifying loop mirror (NALM) can also function as an artificial saturable
absorber [21]. Schematic of nonlinear amplifying loop mirror is shown in Figure 2.8
Input light is split into clockwise and counter-clockwise direction by a 50:50 coupler.
When there is no gain fiber in the fiber loop, the fiber loop is symmetrical. In this case,
clockwise and counter-clockwise light will interfere at coupler. The combined light will
be totally reflected back to input port. When gain fiber is inserted as in Figure 2.8,
the fiber loop becomes asymmetrical. Counter-clockwise light will be firstly amplified
and propagate through relatively long passive fiber. However, for clockwise light, it will
firstly propagate through passive fiber and then be amplified. Consequently, light will
suffer different amount of nonlinear phase shift between counter-clockwise and clockwise
direction. When they interfere at the coupler, part of the combined light is reflected
back to the input port, while the other part goes to the output port. Therefore, the
transmission (reflection) of the fiber loop becomes intensity dependent. Figure 2.9 shows
a typical schematic of NALM mode locked fiber laser, also known as ”figure-8 laser”.
Figure 2.8: Schematic of nonlinear amplifying loop mirror
Carbon nanotube
Carbon nanotube (CNT) is a type of nanomaterial consisting of a two dimensional hexag-
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Figure 2.9: Typical schematic of NALM mode locked fiber laser
onal lattice of carbon atoms, as shown in Figure 2.10 [15,22]. The physical mechanism of
CNT saturable absorber is similar to that of SESAM. Photon absorption of CNT remains
unsaturated at low intensity. At high intensity, CNT gets saturated, resulting a higher
transmission.
Figure 2.10: Carbon nanotube [22]
2.3 Pulse Propagation in Optical Fiber
Optical pulse propagation in optical fiber is described by the following equation:
∂A
∂z
+
iβ2
2
∂2A
∂T 2
+
α
2
A = iγ|A|2A (2.4)
where A is the slowly verifying envelop of the pulse electric field, as a function of propaga-
tion length along the fiber z and time T . β2 is second order chromatic dispersion of fiber,
8
2.3. PULSE PROPAGATION IN OPTICAL FIBER
also known as group velocity dispersion (GVD). α is fiber loss and γ is fiber nonlinearity.
Detailed derivation of Eq. (2.4) is shown in Appendix. In gain fiber, Eq. (2.4) becomes:
∂A
∂z
+
iβ2
2
∂2A
∂T 2
+
α− g
2
A = iγ|A|2A (2.5)
where g is fiber gain.
Next, we will introduce each parameter in more detail.
Chromatic dispersion
Chromatic dispersion comes from the frequency dependence of refractive index n(ω). It
results different speed of light for different frequency components in optical fiber. To
analyze the effects of chromatic dispersion, we expand mode-propagation constant β in
Taylor series about the frequency:
β(ω) = n(ω)
ω
c
= β0 + β1(ω − ω0) + 1
2
β2(ω − ω2)2 + · · · (2.6)
where
βm =
(
dmβ
dωm
)
ω=ω0
(m = 0, 1, 2, . . . ) (2.7)
Here we focus on first-order and second-order.
β1 =
dβ
dω
=
1
c
(
n+ ω
dn
dω
)
=
1
vg
(2.8)
β2 =
d2β
dω2
=
d
dω
(
1
vg
)
(2.9)
where vg is group velocity. β1 represents the optical pulse propagation speed along the
fiber and β2 represents the group velocity dispersion, responsible for pulse broadening and
compression. Dispersion parameter D is often used to represent GVD, defined as:
D =
dβ1
dλ
(2.10)
It is related to β2 as:
D =
dβ1
dλ
= −2pic
λ2
β2 (2.11)
Figure 2.11 shows the dispersion parameter D with wavelength for a single-mode
fiber [23]. GVD becomes zero at wavelength around 1.3 µm. This wavelength is called
zero-dispersion wavelength. GVD has different sign at different side of zero-dispersion
wavelength. At shorter wavelength, D < 0 and β2 > 0. Fiber exhibits normal dispersion.
High frequency components travel slower than low frequency components at normal dis-
persion. At longer wavelength, D > 0 and β2 < 0. Fiber exhibits anomalous dispersion.
High frequency components travel faster than low frequency components at anomalous
dispersion. GVD is one of the most important parameters for mode locked fiber laser.
Specially, fiber nonlinearity and anomalous dispersion can cancel each other and support
soliton to help mode locking. More detailed analysis of effects of normal dispersion and
anomalous dispersion on mode locking will be explained in Chapter 4, Section 4.4.
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Figure 2.11: Dispersion parameter with wavelength for a single-mode fiber [23]
Fiber loss
Fiber loss is an important parameter for optical fiber, defined as follows:
PT = P0 exp (−αL) (2.12)
where P0 is the input power and PT is the transmitted power after fiber length L. Fiber
loss is also commonly expressed in decibel unit:
αdB = −10
L
log
(
PT
P0
)
' 4.343α (2.13)
Loss of standard silica fiber used for telecommunication is wavelength dependent, as
shown in Figure 2.12. Fiber exhibits a minimum loss of around 0.2dB/km near 1.55 µm,
making 1.55 µm the window for fiber-optic telecommunications. Fiber loss is mainly from
Rayleigh scattering and material absorption. Dashed curve in Figure 2.12 shows the loss
resulted from Rayleigh scattering. The peak near 1.4 µm is led by OH-ion absorption.
Figure 2.12: Fiber loss with wavelength. Dashed curve shows the loss resulted from
Rayleigh scattering [23].
Fiber gain
Parameter g stands for amplification of gain fiber. Amplification of gain fiber is dependent
10
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on the input signal power. Here, g can be modeled as:
g =
gs
1 + Ep/Es
(2.14)
where gs is the small signal gain of the gain fiber and Es is the saturation energy of the
gain fiber, which is related to the pumping level. Ep is pulse energy and can be calculated
by:
EP =
∫ ∞
−∞
|A|2dT (2.15)
In some cases, the wavelength dependency of g must be considered. Then we rewrite
g as:
g =
gs
1 + Ep/Es
g(ω) (2.16)
where g(ω) describes the wavelength dependency of g and has no unit.
Fiber nonlinearity
Fiber nonlinearity refers to the phenomenon that the response of optical fiber becomes
nonlinear at high intensity. The nonlinearity of optical fiber originated from the induced
nonlinear electric polarization. Total induced polarization P is related to electric field E
by the following equation:
P = 0
(
χ(1) ·E + χ(2) : EE + χ(3)...EEE + · · ·
)
(2.17)
where 0 is the vacuum permittivity and χ
(j) is the jth-order susceptibility. Since silica
is a symmetric molecule, χ(2) = 0. Therefore the third-order susceptibility χ(3) causes the
lowest-order nonlinearity, which is responsible for nonlinear refraction.
In the simplest case, nonlinear refractive index can be expressed as:
n˜(ω, I) = n(ω) + n2I = n+ n˜2|E|2 (2.18)
where n(ω) is the linear part, E is the electric field, and n˜2 is the nonlinear-index coefficient
n˜2 =
3
8n
<(χ(3)χχχχ) (2.19)
where <(χ(3)χχχχ) stands for the real part of χ(3)χχχχ.
Nonlinear refraction index leads to some interesting nonlinear effects, such as self-phase
modulation (SPM) and cross-phase modulation (XPM). Here we pay special attention to
SPM, which refers to the phase modulation induced by the pulse itself as it propagates
along the fiber. Phase change can be written as:
φ = n˜k0L = (n+ n˜2|E|2)k0L (2.20)
where k0 = 2pi/λ and L is the fiber length. Here, φNL = n˜2k0L|E|2 is the nonlinear
phase change induced by SPM. SPM is responsible for spectral broadening and soliton
formation at anomalous dispersion regime. In Eq (2.4), γ stands for SPM.
11
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2.4 Pulse Shaping at Anomalous Dispersion and Nor-
mal Dispersion
As has been introduced in the last section, pulse will experience the effects of loss, gain
(with gain dispersion), nonlinearity and dispersion in optical fiber. Plus, in a mode
locked fiber laser, a modulator (in active mode locking) or SA (in passive mode locking)
is needed, which will lead to the effect amplitude modulation on the pulse itself. In some
cases, spectral filtering effect is also important to pulse shaping. To put these together,
we usually consider the effects of loss/gain, amplitude modulation (modulator or SA),
phase modulation (nonlinearity), dispersion and spectral filtering in a mode locked fiber
laser.
At anomalous dispersion (β2 < 0), such as Er-doped fiber laser and Tm-doped fiber
laser, soliton pulse is usually formed. In this case, only nonlinearity and anomalous dis-
persion are determinant in shaping the pulse. Effects of fiber nonlinearity and dispersion
cancel each other, resulting a stationary pulse traveling along the cavity.
However at normal dispersion (β2 > 0), only nonlinearity and dispersion can not
balance each other. One way to help mode locking is to compensate the dispersion.
When normal dispersion and anomalous dispersion are of equal importance to the pulse
shaping, stretched pulse (dispersion managed soliton) can be formed [24]. Pulse shaping
at all normal dispersion is also possible [25]. Strong amplitude modulation is determinant
for all normal dispersion pulse shaping.
2.5 Simulation Method
Eq. (2.4) is a nonlinear partial differential equation which can usually not be solved
analytically. Therefore it is necessary for a numerical simulation method to solve this
equation. This section will introduce one of the most widely applied method: split-step
Fourier method.
Firstly, we write Eq (2.4) in the following form:
∂A
∂z
= (D̂ + N̂)A (2.21)
where D̂ is a linear differential operator for dispersion and fiber losses, N̂ is a nonlinear
operator for fiber nonlinearity. They are given by:
D̂ = −iβ2
2
∂2
∂T 2
− α
2
(2.22)
N̂ = iγ|A|2 (2.23)
In split-step Fourier method, we regard dispersion and nonlinearity act separately over
a small distance. To be specific, in the propagation from z to z + h, A(z + h, T ) can be
calculated as:
A(z + h) ≈ exp (hD̂) exp (hN̂)A(z, T ) (2.24)
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Here, exp (hD̂) can be evaluated in Fourier domain by:
exp (hD̂)B(z, T ) = F−1T exp [hD̂(−iω)]FTB(z, T ) (2.25)
where FT and F
−1
T stands for Fourier tranform and inverse Fourier transform respectively.
Fourier transform can be implemented by FFT algorithm, making split-step Fourier trans-
form method a rather fast numerical method for simulating pulse propagation in optical
fibers. D̂(−iω) is obtained by replacing ∂/∂T with −iω in Eq. (2.22).
Eq. (2.5) can be solved numerically in the same way as Eq. (2.4). An example for
simulating Eq. (2.5) in MATLAB is shown in Appendix.
13
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Chapter 3
Pump to Signal Transfer of
Modulation Index in Gain Fiber
In the technique of active mode locking via pump modulation (AMPM), cavity gain is
modulated by modulating the pump power. Therefore it is important to understand how
pump modulation is transferred to signal in gain fiber. In this chapter, we will firstly
show the analytical model for pump modulation in gain fiber. Then, we will present our
experimental measurement results on ytterbium-doped, thulium-doped and erbium-doped
fiber. Experimental results show the low-pass filtering characteristics of pump to signal
transfer of modulation index, which matches well with the theory model.
3.1 Theoretical Model of Gain Modulation
Gain modulation was studied in investigated in Er-doped fiber amplifier systems for op-
tical fiber telecommunications [26–28]. Especially, an analytical model for pump modu-
lation was systematically studied in Ref [29]. Pump modulation is considered as a per-
turbation of the steady-state. Firstly, we consider the steady-state of excited ion density.
Three-level system is adopted for gain fiber, as shown in Figure 3.1. n1 is the ground
state ion density. n2 is the excited state ion density related to signal. n3 is the excited
state ion density related to pump. Rate equations for describing this three-level system
are given by: 
∂
∂t
n1 = −R13n1 −W12n1 +W21n2 + n2τ +R31n3 + n3τ ′
∂
∂t
n2 = W12n1 −W21n2 +R32n3 − n2τ
∂
∂t
n3 = R13n1 −R32n3 −R31n3 − n3τ ′
(3.1)
where W is responsible for transition related to signal and R is responsible for transition
related to pump.
In practice, R32  R31 and R32  1/τ ′ . Therefore at steady state, R13n1 = R32n3. If
we assume R32  R13, N3 ≈ 0 and Eq. (3.1) becomes:
∂
∂t
n2 = W12n1 −W21n2 +R13n1 − n2
τ
(3.2)
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Since N3 ≈ 0, we have n1 + n2 = ρ, where ρ is the ion density. The transition rate W12,
W21 and R13 are proportional to the pump or signal power, shown as follows:
W12 =
ΓSσ12PS
A
(3.3)
W21 =
ΓSσ21PS
A
(3.4)
R13 =
ΓPσ13PP
A
(3.5)
where PP and PS are pump power and signal power, in photons per second. A is the
effective cross-sectional area of fiber core. σ12, σ13 and σ21 are the cross section data
of signal absorption, pump absorption and signal emission. ΓS and ΓP are the mode
confinement factors for signal and pump wave in fiber.
Figure 3.1: Three-level system
As pump and signal propagate along the gain fiber, pump gets absorbed and signal
gets amplified. They are determined by the following equations:
∂
∂z
PP = −ΓPσ13n1PP − γPPP (3.6)
∂
∂z
PS = −ΓSσ12n1PS + ΓSσ21n2PS − γSPS (3.7)
Here, γ is responsible for scattering and losses of gain fiber and can usually be neglected.
By substituting Eqs. (3.3) through (3.5) into Eqs. (3.6) and (3.7) and neglecting γs, we
have:
∂
∂z
PP = −R13An1 (3.8)
∂
∂z
PS = −W12An1 +W21An2 (3.9)
Multiplying Eq. (3.2) by A and substituting Eqs. (3.8) and (3.9) into Eq. (3.2), we have:
∂
∂z
(n2A) = − ∂
∂z
PS − ∂
∂z
PP − n2A
τ
(3.10)
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Integrating (3.10) over z, we have:
∂
∂t
N2 = PS(0, t)− PS(L, t) + PP (0, t)− PP (L, t)− N2
τ
(3.11)
where N2 is the total number of excited ions in gain fiber from 0 to L. PS(0, t) and PP (0, t)
are the signal and pump power at the start of gain fiber. PS(L, t) and PP (L, t) are the
signal and pump power at the end of gain fiber. From Eqs. (3.6) and (3.7), we have:
PP (L, t)
PP (0, t)
= exp
(
−ΓPσ13N1
A
)
(3.12)
PP (L, t)
PP (0, t)
= exp
(
−ΓSσ12N1
A
+
ΓSσ21N2
A
)
(3.13)
By N1 = ρLA−N2, Eqs. (3.12) and (3.13) can be simplified as:
PP (L, t)
PP (0, t)
= exp (BPN2 − CP ) (3.14)
PS(L, t)
PS(0, t)
= exp (BSN2 − CS) (3.15)
where
BP =
ΓPσ13
A
(3.16)
BS = ΓS
σ12 + σ21
A
(3.17)
CP = ΓPσ13ρL (3.18)
CS = ΓSσ12ρL (3.19)
Eqs. (3.14) and (3.15) show the relation between PP (L, t) and PP (0, t), and also the
relation between PS(L, t) and PS(0, t). By using this relation, we can simplify Eq. (3.11)
as:
∂
∂t
N2 = PS(0, t)[1− exp (BSN2 − CS)] + PP (0, t)[1− exp (BPN2 − CP )]− N2
τ
(3.20)
Pump modulation is considered as a perturbation of the steady-state. In this case, we
solve for the steady-state solution of Eq. (3.20) first. We consider its expansion about its
steady-state solution:
N2(t) = N
0
2 (1 + δ cos (ωt+ φ)) (3.21)
where N02 is the steady state solution. δ and ϕ are to be determined. By substituting Eq.
(3.21) and ∂N02/∂t = 0 into Eq. (3.20), we have:
0 = P 0S(0)[1− exp (BSN02 − CS)] + P 0P (0)[1− exp (BPN02 − CP )]−
N02
τ
(3.22)
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where P 0S(0) and P
0
P (0) are mean signal and pump power at z = 0. Approximate solu-
tion of Eq. (3.22) can be solved by taking the first-order terms in the expansion of the
exponential, given as:
N02 ≈
CPP
0
P (0) + CSP
0
S(0)
BPP 0P (0) +BSP
0
S(0) +
1
τ
(3.23)
Next we consider the pump modulation as perturbation. Assume the input pump
power is:
P 0P (0, t) = P
0
P (0)(1 +mP cosωt) (3.24)
where mP is the modulation index and ω is the modulation frequency. By substituting
Eqs. (3.21) and (3.24) into Eq. (3.20), we have:
−N02 δω sin(ωt+ φ) =P 0S(0)
[
1− exp (BSN02 × (1 + δ cos(ωt+ φ))− CS)]
+ P 0P (0) (1 +mP cosωt)×
[
1− exp (BPN02
× (1 + δ cos(ωt+ φ))− CP )]−N02
1 + δ cos(ωt+ φ)
τ
(3.25)
By taking the first-order approximation of δ, we can solve for φ and δ, given by:
tanφ = − ω
ωeff
(3.26)
δ =
mP [P
0
P (0)− P 0P (L)]
N02
√
ω2 + ω2eff
(3.27)
where ωeff = P
0
S(L)BS + P
0
P (L)BP + 1/τ . Then, we get the modulated signal by using
Eq. (3.15):
PS(L, t) = P
0
S(0) exp
{
BSN
0
2 (1 + δ cos (ωt+ φ))− CS
}
≈ P 0S(L)(1 +BSN02 δ cos (ωt+ φ))
(3.28)
Here, we took small modulation approximation at ”≈” sign. Specifically, modulation
index transfer function can be written as:
HP→S =
mS
mP
=
BS[P
0
P (0)− P 0P (L)]√
ω2 + ω2eff
(3.29)
This equation shows the low-pass filter characteristics of pump to signal transfer in gain
fiber, with a cutoff wavelength of ωeff .
3.2 Experimental Measurement of Pump to Signal
Transfer
Last section showed the theoretical model of pump to signal transfer in gain fiber. In
this section, we will conduct experimental measurements on pump to signal transfer of
modulation index in Yb, Tm and Er-doped fiber.
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Measurement on the Yb-doped fiber
Figure 3.2 shows the schematic of our measurement system. 980 nm pump light directly
comes from a laser diode (LD) modulated by signal generator with sinusoidal waveform.
WDM2 couples pump light into the Yb-doped fiber and residual pump is coupled out of the
system by WDM1. Yb-doped fiber used in the measurement is 0.3 m. Here, we employed
backward pumping so that residual pump would not interfere with our measurement.
Figure 3.2: Experimental setup for measuring pump to signal transfer T in Yb-doped
fiber
Assuming the input pump power PP and modulated output signal PS are described
by:
PP = P
0
P (1 +mP cosωt) (3.30)
PS = P
0
S(1 +mS cos (ωt+ φ)) (3.31)
where P 0P and P
0
S are average values. mP and mS are modulation indexes. ω is the
modulation frequency and φ is the phase difference between signal and pump modulation.
Pump to signal transfer of modulation index is given as:
T =
mS
mP
(3.32)
which is to be measured by the system. CW source has an operation wavelength of 1.03
µm, providing the seed signal to be amplified. Amplified optical signal is received by a
photodetector (PD, Model: DET08CFC/M, 5 GHz, from THORLABS) and transformed
into electrical signal, which splits into two and measured with a lock-in amplifier and an
oscilloscope respectively. Modulated signal power and average power are measured to be
Vmod and Vavg. Thus, modulation index of signal mS can be calculated by:
mS = CVmod/Vavg (3.33)
where C is the calibration coefficient between the lock-in amplifier and oscilloscope.
Since laser operates at saturated gain, we firstly measured the transfer at different
saturation level, shown as dotted lines in Figure 3.3. The inset figure showed the satura-
tion curve of the Yb-doped fiber at pump power of 67.9 mW and around 15% modulation
index. Signal input power and gain are listed in Table 3.1. Cutoff frequency for A, B and
C are 850 Hz, 1400 Hz and 3000 Hz respectively. Result shows that lower saturation leads
to higher transfer at low frequency, but lower cutoff frequency at the same time. Solid
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Figure 3.3: Transfer T at different saturation level in Yb-doped fiber. Dotted line: ex-
perimental measurements; solid line: simulations; inset: gain saturation.
Table 3.1: Measured saturation level in inset of Figure 3.3
Point Input power (mW ) Gain (Pout/Pin)
A 0.74 7.33
B 4.45 3
C 25.91 1.26
lines in Figure 3.3 are the simulation results using the theoretical model presented in the
previous section.
We also measured the transfer at different pumping level, shown as dotted lines in
Figure 3.4. Signal input power was set as 2 mW , pump power are 45 mW , 68 mW and
81 mW respectively. Results show that higher pump power leads to higher transfer. Solid
lines are simulation results.
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Figure 3.4: Transfer T at different pumping level in Yb-doped fiber. Dotted line: experi-
mental measurements; solid line: simulations.
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Measurement on the Tm-doped fiber
Measurement on Tm-doped fiber is similar to that of Yb-doped fiber. Measurement
setup was shown in Figure 3.5. A 1570 nm CW source is amplified by an Erbium-doped
fiber amplifier (EDFA) and then modulated by an acousto-optic modulator (AOM) with
sinusoidal waveform. Tm-doped fiber (Model: TmDF200, from OFS) is 0.5 m. PD
(Model: ET-5000F, from EOT) has a bandwidth of 12.5 GHz.
Transfer at different saturation level and pumping level were measured, shown in
Figure 3.6 and 3.7. In Figure 3.6, pump power was 92 mW and the modulation index
was 10%. Signal input power and gain are listed in Table 3.2. The transfer characteristics
were similar to that of Yb-doped fiber, with cutoff frequency around 1 kHz.
Figure 3.5: Experimental setup for measuring pump to signal transfer T in Tm-doped
fiber
Table 3.2: Measured saturation level in inset of Figure 3.6
Point Input power (mW ) Gain (Pout/Pin)
A 0.16 3.25
B 8.98 1.52
C 1.77 2.39
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Figure 3.6: Transfer T at different saturation level in Tm-doped fiber. Dotted line:
experimental measurements; solid line: simulations, inset: gain saturation.
Figure 3.7: Transfer T at different pumping level in Tm-doped fiber. Dotted line: exper-
imental measurements; solid line: simulations.
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Measurement on the Er-doped fiber
Measurement on Er-doped fiber was also measured. Measurement setup was shown in
Figure 3.8. Length of Er-doped fiber was 2 m (M-12-980-125, from THORLABS). PD
has a bandwidth of 5 GHz (DET08CFC/M, from THORLABS).
Figure 3.8: Experimental setup for measuring pump to signal transfer T in Er-doped fiber
Transfer at different saturation level and pumping level were measured, shown in
Figure 3.9 and 3.10. In Figure 3.9, pump power was 84.8 mW and the modulation index
was 15%. Signal input power and gain are listed in Table 3.3. In Figure 3.10, pump power
are 129 mW , 84.8 mW and 39 mW , respectively. Cutoff frequency is around 700 Hz.
Different from Tm and Yb-doped fiber, higher saturation leads to higher transfer while
higher pump leads to lower transfer in Er-doped fiber.
Figure 3.9: Transfer T at different saturation level in Er-doped fiber. Dotted line: exper-
imental measurements; solid line: simulations, inset: gain saturation.
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Table 3.3: Measured saturation level in inset of Figure 3.9
Point Input power (mW ) Gain (Pout/Pin)
A 0.109 11.6
B 1.09 6.19
C 10.01 2.04
Figure 3.10: Transfer T at different pumping level in Er-doped fiber. Dotted line: exper-
imental measurements; solid line: simulations.
3.3 Conclusion
In this chapter, we presented both theoretical model and experiment measurements on
pump to signal transfer of modulation index in gain fiber. Theoretical model shows that
the transfer exhibits a low-pass filter characteristics, whose cutoff frequency is related to
ion upper-state lifetime.
Experiment measurement results confirmed the low-pass filter characteristics. Results
showed that cutoff frequency of Yb and Tm-doped fiber were around 1-3 kHz while Er-
doped fiber was around 700 Hz. Transfer at different saturation level and pumping level
were also measured. For Yb and Tm-doped fiber, higher saturation led to lower transfer at
low frequency while higher pump led to higher transfer. However, Er-doped fiber showed
the opposite result: higher saturation led to higher transfer while higher pump led to
lower transfer at low frequency.
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Chapter 4
Active Mode Locking via Pump
Modulation
4.1 Introduction
Concept of mode locking has been introduced in Chapter 2, here we move to the main
study of this thesis: ytterbium-doped mode locked fiber laser via pump modulation.
Pump modulation is one type of active mode locking method, as shown in Figure 4.1. For
conventional active mode locking, an external modulator is necessary, such as AOM [20]
or lithium niobate modulator. However there are drawbacks of these modulators. For
example, modulation frequency of AOM are usually limited. Although lithium niobate
modulator is capable of modulating much faster, it is limited by its polarization maintain-
ing design and low power threshold. In the method of pump modulation, no intra-cavity
modulator is necessary. Cavity gain is modulated by directly modulating the pump power,
instead of modulating cavity loss, as shown Figure 4.2. Therefore this method provides a
low-loss and simple design for active mode locked fiber laser.
Figure 4.1: Schematic of active mode locking by pump modulation
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Figure 4.2: Active mode locking by pump modulation in time domain
4.2 Previous Work on Active Mode Locking via Pump
Modulation
This thesis mainly focuses on Yb-doped mode locked fiber laser via pump modulation.
The method of pump modulation has been realized previously in Tm-doped fiber laser
and Er-doped fiber laser. In this section, we introduce the previous work on AMPM.
4.2.1 Thulium-doped Mode Locked Fiber Laser via Pump Mod-
ulation
The method of AMPM was firstly realized in Tm-doped fiber laser [16]. Experimental
setup is shown in Figure 4.3. The seed pump laser was firstly modulated with sinusoidal
waveform, and then amplified by an EDFA. Tm-doped fiber used was 4 m (TmDF200,
from OFS). Total cavity length was estimated to be 16 m, corresponding to a repetition
rate of 12.9 MHz.
Figure 4.3: Active mode locking via pump modulation in Tm-doped fiber laser [16]
CW mode locking could be achieved by setting the modulation index to be 30% and
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modulation frequency at 12.8728 MHz. Signal modulation index was estimated to be
0.01%. Results were shown in Figure 4.4. Spectral bandwidth was measured to be 0.9
nm with resolution of 0.5 nm, as shown in Figure 4.4 (a). Pulse width was measured to
be 4.4 ps assuming a hyperbolic-secant pulse shape, as shown in Figure 4.4 (b). Time-
bandwidth product was calculated to be 0.31, close to the transform limit of soliton pulse
(0.315). Signal to noise ratio (SNR) was 63 dB with a resolution bandwidth of 300 Hz.
Pump power threshold for mode locking was around 100 mW , and output was 20 mW
when pump power was set to 400 mW .
Figure 4.4: Experiment results. (a) Output spectrum; (b) autocorrelation trace (inset:
oscilloscope waveform); (c) and (d) RF spectrum. [16]
Second-harmonic mode locking is also achieved by doubling the modulation frequency
to 25.7560 MHz, as shown in Figure 4.5. Spectral width and pulse width were 0.83 nm and
4.7 ps respectively as shown in Figure 4.5 (a) and (b), giving a time-bandwidth product
of 0.37. SNR was measured to be 55 dB at mode locking frequency (Figure 4.5 (d)) and
weak signal at fundamental frequency was also observed (Figure 4.5 (c)).
4.2.2 Erbium-doped Mode Locked Fiber Laser via Pump Mod-
ulation
AMPM was also used to mode lock an Er-doped fiber laser [17]. Experimental setup is
shown in Figure 4.6. 980 nm pump laser was directly modulated by a laser driver with
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Figure 4.5: Second-harmonic mode locking experiment results. (a) Output spectrum; (b)
autocorrelation trace (inset: oscilloscope waveform); (c) and (d) RF spectrum. [16]
sinusoidal waveform. Length of Er-doped fiber is 0.4 m. 2 km dispersion shift fiber (DSF)
was used to elongate the cavity length without changing total cavity dispersion. Cavity
length other than DSF was around 16 m. Total cavity dispersion was estimated to be
-0.31 ps2.
CW mode locking was achieved by setting the modulation frequency at 99.021 kHz
and modulation index at 91%. Results are shown in Figure 4.7. Figure 4.7 (a) shows the
optical spectrum with bandwidth of 2.26 nm. Figure 4.7 (b) shows the RF spectrum of
the pulse train. SNR was measured to be 53 dB with resolution bandwidth of 100 Hz.
Figure 4.7 (c) shows the pulse autocorrelation trace with a pulse width of 1.18 ps assuming
hyperbolic-secant pulse shape, giving a time-bandwidth product of 0.387. Output power
was 10 mW when pump power was set at 548 mW .
By using only 1 kmDSF, mode locking could also be achieved, with spectral bandwidth
of 2.27 nm, repetition rate of 197.000 kHz and pulse width of 1.12 ps.
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Figure 4.6: Active mode locking via pump modulation in Tm-doped fiber laser [17]
Figure 4.7: Experiment results. (a) Output spectrum; (b) PF spectrum; (c) autocorrela-
tion trace. [17]
4.3 Ytterbium Doped Mode Locked Fiber Laser via
Pump Modulation
In this section, our experiments on Yb-doped mode locked fiber laser via pump modula-
tion will be presented. Firstly, we explored the feasibility of pump modulation method at
all normal dispersion configuration. Results showed its infeasibility duo to weak modu-
lation index. To increase modulation index, we inserted 1 km-long passive fiber into the
cavity to lower down the cavity repetition rate. Pulsing was observed in this experiment
while results and analysis indicated a noise-like pulse rather than a mode locked pulse.
Finally, we attempted to introduce dispersion compensation in the cavity. When cavity
net dispersion was compensated to small and normal, extremely unstable pulse train could
be observed. Stable pulse train could not be produced.
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4.3.1 All Normal Dispersion Configuration
Experiments and results
Different from Tm-doped fiber and Er-doped fiber, fiber exhibits normal dispersion at
lasing wavelength of Yb-doped fiber. As has been introduced in Chapter 2, section 2.4,
to mode lock an all normal dispersion fiber laser, strong modulation index is necessary.
In this attempt, we to try to modulate the laser without any dispersion compensation.
The experimental setup for all normal dispersion configuration is shown in Figure 4.8.
980 nm pump laser was modulated by a laser driver. Yb-doped fiber (SM-YSF-HI, from
Nufern) was around 1.5 m. Terminator connected to a WDM was used to block the
residual pump. A polarization-independent isolator (PI-ISO) ensured the unidirectional
operation of the laser. Output coupler coupled 10% cavity light out of the cavity as laser
output.
Figure 4.8: Experimental setup for all normal dispersion configuration
By tuning the modulation frequency to cavity repetition rate, CW output was ob-
served instead of mode locking, which was anticipated since gain modulation transfer
was extremely low (around 0.01%) at modulation frequency of around 10 MHz (refer to
measurement results in Chapter 3, Section 3.2).
Spectral filtering can also lead to amplitude modulation to help shaping the pulse [25].
In our experiment, we also tried to insert bandpass filter with 2 nm and 8 nm bandwidth
in the cavity, but mode locking was still not achieved.
Next, we conduct numerical simulation to verify that modulation index is determinant
to pulse shaping at all normal dispersion.
Numerical simulation
Numerical simulation was conducted following the method in Chapter 2, section 2.5. Two
points should be addressed in the simulation below. Firstly, as Equation 2.5 shows, gain g
and loss α have the same position in the equation. Therefore we make the assumption that
loss α is modulated rather than gain g, for the sake of simplicity. Secondly, loss modulation
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is assumed to be instantaneously (length of the loss modulator can be neglected). Loss
modulation function is given by:
T = 1−m+m cos 2piωf t (4.1)
where T is the transmission, m is the modulation depth and ωf is the modulation fre-
quency. By taking its Taylor series at t = 0, and only considering the first two orders, we
have:
T ≈ 1− 2pi2mω2f t2 (4.2)
Flow diagram of the simulation is shown in Figure 4.9. Simulation starts from noise.
Light passes through single mode fiber (SMF), Yb-doped fiber (YDF), amplitude mod-
ulation and optical coupler (OC) as one single loop. 50,000 iterations were executed in
each simulation. Simulation parameters are given in Table 4.1. We investigated pulse
shaping as modulation index m varies (m = 1/2i, i = 0, 1, 2, . . . , 14).
Figure 4.9: Flow diagram of the simulation
Table 4.1: Parameters in simulation
Parameter Value
lsmf 12 m
β2 smf 0.017 ps
2/m
γsmf 0.00544 /W/m
lydf 4 m
β2 ydf 0.025 ps
2/m
γydf 0.0058 /W/m
gs 30 dB
Es 0.5 pJ
gain bandwidth 80 nm
m 1/2i, (i = 0, 1, 2, . . . , 14).
coupling ratio 50%
Simulation results show that stable pulse can be formed when modulation index take
these value: m = 1/2i, i = 0, 1, 2, . . . , 6. Noise-like pulse is observed when m = 1/2i, i =
7, 8, 9, 10. Pulse can not be formed when m = 1/2i, i = 11, 12, 13, 14.
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Figure 4.10 and 4.11 show the simulation results of stable mode locking when mod-
ulation index m = 1/2i, i = 0, 1, 2, . . . , 6. As modulation index decreases, pulse peak
power decreases and pulse width increases significantly, suggesting that modulation index
has great importance on pulse shaping at normal dispersion. Higher modulation index is
capable of shaping the pulse more effectively, leading to a narrower output pulse. Besides,
spectral bandwidth decreases as modulation index decreases.
Figure 4.10: Simulation result: pulse shape when modulation index m = 1/2i, i =
0, 1, 2, . . . , 6
Figure 4.12 and 4.13 show the simulation results of noise-like pulse when modulation
index m = 1/2i, i = 7, 8, 9, 10. As modulation index decreases, pulse becomes more noisy,
and spectral bandwidth becomes narrower. It indicates that when modulation index is
too weak, pulse is can not be stabled.
Figure 4.14 and 4.15 show the simulation results of noise when modulation index
m = 1/2i, i = 11, 12, 13, 14. In this case, modulation index is so low that pulse can not
be formed.
In summary, we show that modulation index is determinant to pulse forming and
shaping at all normal dispersion configuration. Strong modulation index can help to form
the pulse effectively. The stronger the modulation is, the narrower the pulse will be. At
weak modulation index, pulse can not be stabilized, or can not be formed.
Conclusion
Based on the experiment results and simulations above, it can be concluded that Yb-doped
mode locked fiber laser is not feasible at 10 MHz repetition rate or higher. Infeasibility
can be attributed to weak modulation index.
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Figure 4.11: Simulation result: spectrum when modulation index m = 1/2i, i =
0, 1, 2, . . . , 6
Figure 4.12: Simulation result: pulse shape when modulation index m = 1/2i, i =
7, 8, 9, 10
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Figure 4.13: Simulation result: spectrum when modulation index m = 1/2i, i = 7, 8, 9, 10
Figure 4.14: Simulation result: temporal output when modulation index m = 1/2i, i =
11, 12, 13, 14
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Figure 4.15: Simulation result: spectrum when modulation index m = 1/2i, i =
11, 12, 13, 14
Figure 4.16: Experimental setup for all normal dispersion configuration with kilometer-
long cavity
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4.3.2 All Normal Dispersion Configuration with Kilometer-long
Cavity
Experiment and result
In order to increase the modulation index, we increased the length of laser cavity by
inserting 1 km standard single mode fiber (SMF28), lowering the modulation frequency
down to around 200 kHz. Experimental setup is shown in Figure 4.16. Except 1 km
SMF-28, rest of the cavity is the same as Figure 4.8. Modulation index transfer was
estimated to be 0.5% according to the measurements in Chapter 3, Section 3.2.
Pulsing was observed when modulation frequency was tuned from 199.022 kHz to
199.284 kHz. Pulse was measured with a PD (Model: DET08CFC/M, 5 GHz, from
THORLABS), and a 200 MHz oscilloscope, as shown in Figure 4.17. Pulse width was
measured to be around 500 ns. Spectrum was shown in Figure 4.18, with 3 dB bandwidth
of 2.5 nm.
Figure 4.17: Output pulse measured by PD and oscilloscope. Pulse width: 500 ns
Pulse characterization
The pulse width was so large that it could not be characterized by autocorrelator.
Whether the pulse was mode locked should be verified by other means. Assuming that
the pulse was mode locked, the pulse should be highly chirped at this kilometer-long all
normal dispersion configuration. Therefore the pulse should be broadened or compressed
after passing through dispersive fiber. Here, we launched the pulse into a segment of
500 m SMF-28, and checked whether the pulse width changed. Results are shown in
Figure 4.19. Left side of the figure shows the optical spectrum before and after dispersive
fiber. Spectrum did not change significantly, meaning that nonlinearity effect could be
neglected and only dispersion was responsible for any possible pulse shape change. How-
ever, as right side of the figure shows, normalized pulse shape and pulse width were not
changed significantly, indicating that the pulse was not chirped as expected.
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Figure 4.18: Output spectrum. 3 dB bandwidth: 2.5 nm
Degree of polarization (DOP) of the output was also measured with a polarimeter
(PAX1000IR2/M, from THORLABS). When modulation frequency was tuned to cavity
repetition rate, output was pulsing and DOP was only around 18%. However when it was
detuned, output become CW and DOP become significantly higher, up to 65%. Physical
mechanism of this observation is unclear yet.
Conclusion
Based on the analysis above, it can be concluded that the produced pulse was not mode
locked pulse. One possible explanation is that the output pulse may be the pulsing of
amplified spontaneous emission (ASE). If this is the case, however, the reason for why
ASE rather than lasing was produced in a closed ring cavity is unclear.
Figure 4.19: Spectrum (left) and normalized temporal shape (right) before (blue) and
after (red) passing through 500 m SMF-28
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4.3.3 Dispersion Compensated Configuration
It is usually difficult to mode lock a fiber laser at all normal dispersion. Compensating cer-
tain amount of anomalous dispersion can help to form the pulse [24]. Stretched pulse (also
known as dispersion managed soliton) is formed when net dispersion is small and normal,
or small and anomalous. As we failed to mode lock the laser at all normal dispersion, we
investigated the feasibility of dispersion compensated configuration. Experimental setup
is shown in Figure 4.20. Total cavity length was around 19 m. Yb-doped fiber (SM-YSF-
HI, from Nufern) was around 1.5 m. Dispersion compensation was provided by grating
pair (refer to Appendix for dispersion compensation with grating pair). Grating used in
the experiment was transmission type, with line density of 1000 lines/mm and incident
angle of 31.3 ± 1◦ (T-1000-1040, from LightSmyth). Light was coupled out of fiber and
into fiber by two fiber pigtail collimators. After light is dispersed, it gets reflected by a
total reflection mirror M2. Then, light passes through grating pair again and gets dis-
persed again. Finally, light is reflected by a total reflection mirror M1 and coupled back
into fiber.
Figure 4.20: Experimental setup for dispersion compensated configuration
When grating spacing was around 9 cm, cavity net dispersion was calculated to be
around 0.0615 ps2. Extremely unstable pulse train could be observed when modulation
frequency was tuned to cavity repetition rate, as shown in Figure 4.21. The pulse was
so unstable that it could not be characterized by autocorrelator. Stable pulsing was not
achieved.
In gain modulation, there is modulation index fluctuation and high-order modulation
fluctuation due to noise from the modulated pumping. Unlike soliton pulse where pulse
shaping was achieved by only nonlinearity and anomalous dispersion, modulation index is
determinant for pulse shaping in this experiment. Therefore, any possible fluctuation of
modulation index and high-order modulation fluctuation would lead to unstableness. In
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our experiment, the amount of modulation index was still not strong enough to counter
against the noise. Besides, the unstableness might also be attributed to modulation
frequency detuning since cavity length was environmental sensitive.
Figure 4.21: One frame of unstable pulse train footage
4.3.4 Conclusion
Results show the infeasibility of Yb-doped mode locked fiber laser via pump modulation.
Mode locking was not produced. At normal dispersion, modulation index is determinant
for pulse forming. However at around 10 MHz modulation frequency (20 m-long cavity),
modulation index transfer is only around 0.01% according to the measurements in Chapter
3, Section 3.2. Such low modulation index is not capable of forming the pulse effectively
shown by simulation. Besides, stable mode locking can not be produced by compensating
cavity dispersion.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
In this thesis, we investigated Yb-doped mode locked fiber laser by the method of modulat-
ing pump. As the fundamentals of pump modulation method, we characterized the pump
to signal transfer of modulation index in gain fiber. Experimental results indicated that
the transfer of modulation index exhibited low-pass filter characteristics, which matched
well with theoretical model.
Three configurations were tried to mode lock the Yb-doped fiber laser. With all normal
dispersion configuration, only CW output could be produced. Simulation was conducted
with varying modulation index. It showed that modulation index was determinant for
pulse forming at normal dispersion. In the experiment, reason for not pulsing could be
attributed to weak modulation index at high modulation frequency.
To increase modulation index, cavity repetition rate was lowered down to around
200 kHz by inserting 1 km-long fiber into the cavity. Pulse was produced with this
configuration. However, analysis showed that it was not mode locked pulse. Physical
mechanism of this observation still remains to be explored.
Efforts were also made to mode lock the laser with dispersion compensation. Ex-
tremely unstable pulse train was produced when cavity net dispersion was compensated
to small and normal. However stable pulse train could not produced. The unstableness
was attributed to modulation index fluctuation and high-order modulation fluctuation
due to noise from the modulated pumping. Besides, unstableness might also be because
of frequency detuning caused by environmental sensitive cavity length change.
In summary, although the method of AMPM showed its feasibility and advantage in
Tm and Er-doped mode locked fiber laser, it can be concluded that this method does not
apply well to Yb-doped mode locked fiber laser due to low modulation index transfer and
normal dispersion.
5.2 Future Work
Results showed that pump modulation might not be an effective pulse shaper for Yb-
doped fiber laser. However, it may be helpful to start a mode locked laser. For some
passive mode locked fiber lasers, self-starting is a critical issue. One way to start the
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pulsing is to increase the pump power. But the pulse produced may suffer from pulse
breaking and multiple pulse because the pump power is high. It is also possible to start
pulsing by mechanically vibrating the fiber cavity to introduce perturbation. Considering
that pump modulation is a reliable way of introducing perturbation, there is a great
potential that this method is promising for starting a passive mode locked fiber laser or
lowering down the mode locking threshold. As for our future work, we will try to apply
pump modulation to a figure-8 Yb-doped mode locked fiber laser with high mode locking
threshold, and study the effect of pump modulation on mode locking threshold and pulse
starting.
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Pulse Propagation Equation
Optical fields in optical fibers follow the rule of Maxwell’s equations as follows:
∇×E = −∂B
∂t
(5.1)
∇×H = J + ∂D
∂t
(5.2)
∇ ·D = ρf (5.3)
∇ ·B = 0 (5.4)
where E and H are electric and magnetic fields respectively, and D and B are electric
and magnetic flux densities. J is the current density vector and ρf is charge density. In
optical fibers, J = 0 and ρf = 0. D and B are related with to E and H in the following
equations:
D = 0E + P (5.5)
B = µ0H +M (5.6)
where 0 is the vacuum permittivity and µ0 is the vacuum permeability. P and M are
induced electric and magnetic polarization. In optical fiber, M can be neglected.
By Eqs (5.1), (5.2), (5.3), (5.5) and (5.6), we can derive the following equation:
∇2E = 1
c2
∂2E
∂t2
+ µ0
∂2P
∂t2
(5.7)
If we write P as the sum of its linear part P L and nonlinear part PNL, we have:
P = P L + PNL (5.8)
By using Eqs (5.7) and (5.8), we have:
∇2E − 1
c2
∂2E
∂t2
= µ0
∂2P L
∂t2
+ µ0
∂2PNL
∂t2
(5.9)
Here, we separate the slowly varying envelop and rapidly varying part of the electric field
and its polarization components, as follows:
E(r, t) =
1
2
~x[E(r, t) exp (−iω0t) + c.c.] (5.10)
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P L(r, t) =
1
2
~x[PL(r, t) exp (−iω0t) + c.c.] (5.11)
PNL(r, t) =
1
2
~x[PNL(r, t) exp (−iω0t) + c.c.] (5.12)
PL and PNL can be expressed as:
PL(r, t) =
0
2pi
∫ ∞
−∞
χ˜(1)χχ(ω)E˜(r, ω − ω0) exp [−i(ω − ω0)t]dω (5.13)
PNL(r, t) ≈ 0NLE(r, t) (5.14)
Here, E˜(r, ω − ω0) =
∫∞
−∞E(r, t) exp [i(ω − ω0)t]dt is the Fourier transform of E(r, t),
NL(r, t) =
3
4
χ
(3)
χχχχ|E(r, t)|2.
By Eqs (5.9)-(5.14), we have E˜ satisfying the Helmholtz equation:
∇2E˜ + (ω)k20E˜ = 0 (5.15)
Eq (5.15) can be solved by the method of separation of variables. We write E˜ in the
following form:
E˜(r, ω − ω0) = F (x, y)A˜(z, ω − ω0) exp (iβ0z) (5.16)
where A˜ is the slowly varying electric field envelop as a function of z. F (x, y) is the
transverse mode distribution in optical fiber. By substituting Eq (5.16) into Eq (5.15)
and ignoring cubic and higher-order terms of β(ω), we can solve for A, described by the
following equation:
∂A
∂z
+ β1
∂A
∂t
+
iβ2
2
∂2A
∂t2
+
α
2
A = iγ|A|2A (5.17)
Here, β1 and β2 are the first order and second order chromatic dispersion. α is fiber
loss and γ is fiber nonlinearity. By defining T = t−β1z and substituting it into Eq (5.17),
we can eliminate β1, and get pulse propagation equation with T as a moving frame at the
pulse propagation speed 1/β1:
∂A
∂z
+
iβ2
2
∂2A
∂T 2
+
α
2
A = iγ|A|2A (5.18)
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MATLAB code for simulating pulse propagation in
gain fiber
Here we present the MATLAB simulation code for pulse propagation in gain fiber de-
scribed by Eq. (2.5).
1 clear;
2 clc;
3 l = 0; % fiber loss
4 gs = 30; % small signal gain, dB/m
5 gs = gs/10*log(10);
6 l gf = 4; % gain fiber length, m
7 seg gf = 100; % segments of gain fiber
8 b2 gf = −0.02e−24; % GVD of gain fiber, Sˆ2/s
9 gamma ydf = 5.3e−3; % SPM of gain fiber, /W/m
10 E sat = 0.5e−12; % gain fiber saturation energy, J
11
12 lambda0 = 1530e−9; % central wavelength, m
13 span = 100e−12; % simulation window, s
14 n = 2ˆ12; % sampling points in simulation window
15 dt = span/n;
16 t = linspace(−n/2, n/2−1, n)*dt;
17 A = 10ˆ−9*gaussmf(t,[100*dt, 0]); % input pulse in Gaussian shape
18 dw = 2*pi/span;
19 w = linspace(−n/2,n/2−1,n)*dw;
20 lambda = 2*pi*3e8./(2*pi*3e8/lambda0+w);
21 lambda = lambda(end:−1:1);
22
23 bw gain = 45e−9; % gain bandwidth, m
24 a = 0.5/(bw gain/2)ˆ2;
25 g w = −1*a*(lambda−lambda0).ˆ2+1; % wavelength dependency of gain, in ...
parabolic shape
26 g w(g w<0) = 0;
27
28 %%%Pulse propagation, by split−step Fourier method%%%
29 for i=1:seg gf
30 W = sum(abs(A).ˆ2)*dt; % pulse energy
31 g = gs./(1+W/E sat); % saturated gain
32 D = −1j/2*b2 gf*(−1j*w).ˆ2+g*g w; % dispersion operator in ...
split−step Fourier method
33 B = fftshift(fft(ifftshift(A))); % Fourier transform of A
34 B = B.*exp(D*l gf/seg gf);
35 A = fftshift(ifft(ifftshift(B))); % inverse Fourier transform of B
36 N = 1j*gamma gf*abs(A).ˆ2; % nonlinear operator in split−step ...
Fourier method
37 A = A.*exp(N*l gf/seg gf);
38 end
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Dispersion Compensation with Grating Pair
Grating pair can provide anomalous dispersion, by creating path difference among differ-
ent frequencies, as shown in Figure 5.1. When light is incident on the grating at incident
angle θi, light will be dispersed to different angles by its frequency:
sin θm = m
λ
Λ
+ sin θi (5.19)
where m is diffraction order, λ is wavelength of light, Λ is line spacing and θm is m-th
order diffraction angle. First order diffraction is usually adopted because it has the highest
diffraction efficiency.
Figure 5.1: Grating pair for dispersion compensation
By placing two gratings in parallel, angular dispersion can be transformed into path
difference. Assuming the spacing of the grating pair is Lg, dispersion β2 provided by the
grating pair is given by:
β2 = −m
2λ3Lg
4pic2Λ2
[
1−
(
−mλ
Λ
− sin θi
)2]−3/2
∝ Lg (5.20)
where c is the speed of light. It shows that dispersion provided by grating pair is propor-
tional to grating spacing.
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